Left ventricular volumes were determined sequentially in 31 dogs and simultaneously in 12 by biplane angiocardiography and a dye-dilution, thermal washout technique.
was significantly higher when measured by angiocardiography (.53 ±.03) than by the washout method (.27 ± .02). The end diastolic volume measured by angiocardiography was lower, 21.1 ± 1.5 ml/10 kg versus 34.4 ± 3.6, as was the end systolic volume, 11.3 ± 1.3 ml/10 kg versus 25.5 ± 3.2. Mean stroke volume by angiocardiography was 10.9 ml/10 kg, or 1.8 ml greater than by dye dilution (the average amount of contrast material injected per beat was 1.9 ml/10 kg).
No difference was found between the washout fractions calculated from early and from late beats. There was a significant inverse correlation between the observed heart rate and washout SV/EDV. There was no correlation between heart rates and the discrepancy in measuring the various volumes.
Technical difficulties and theoretical considerations are discussed and it is concluded that in dogs the angiographic method gives more accurate calculations of end diastolic and end systolic volumes than the washout technique. The latter method appears to underestimate SV/EDV systematically, probably because of incomplete miring of indicator in the ventricle. This leads to falsely high values for EDV and ESV.
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• Measurement of left ventricular volume is extremely useful in assessing myocardial function. 1 Calculations of varied sophistication based on principles of physics can be performed. 2 Accepted for publication March 8, 1966. being or dog, the two principal methods of measurement currently in use are angiocardiography 4 ' B and indicator washout. 6 ' 7 Previous workers have established the validity of angiocardiographically determined volumes in casts of hearts of dogs 9 or of human beings 6 ' 8 postmortem. The accuracy of the washout technique has been reported only in artificial models 10 (where it has been found to be good), though good reproducibility in determining end diastolic volume (EDV) and end systolic volume (ESV) has been noted. 10 " 12 The absolute volumes determined by die two methods differ markedly. The washout technique consistently shows a larger EDV and ESV and a smaller ejected 296 BARTLE, SANMARCO fraction (SV/EDV). The larger ejected fraction seen with the angiocardiographic method has been attributed either to poor measurement techniques or to the injection of large volumes of contrast media. 12 On the other hand, poor mixing of the injected dilution material has been said to occur 13 and might be responsible for the low ejected fraction and for the consequently larger calculated EDV seen with the washout technique. The only previously reported volume measurements made by the two techniques in the same left ventricle were done in dogs by single plane cineradiography and dye dilution washout. 14 The purpose of the present study was to measure ventricular volumes by the more accurate biplane angiocardiographic method and at the same time by an indicator-washout technique. The indicator-washout volumes were determined as others have done 12 by combining the thermal washout technique (as a convenient method of obtaining the washout fraction) and the conventional dyedilution technique using indocyanine green (to determine the stroke volume).
Methods
Fifty mongrel dogs (10.7 to 23.5 kg) were anesthetized with a combination of pentobarbital (20-26 mg/kg body wt) or morphine (40 mg IM) with chloralose (0.1 g/kg rv). An endotracheal tube was inserted and positive pressure respiration was provided by a Phipps-Bird respirator. In ten dogs, during a study of pericardial function, a left dioracotomy was done. Under fluoroscopic vision a cadieter was placed in the pulmonary artery (PA) via the right or left femoral vein, a no. 8 or no. 9 French closed-end catheter in the left ventricle (LV) by way of the right femoral artery, and an open-tip catheter was placed in the ascending aorta through the right or left carotid artery. Usually a catheter was passed to the left atrium (LA) by the transseptal technique from die right internal jugular or right femoral vein, or was placed under direct vision at thoracotomy. After placement of the catheters the animal was moved into position on the biplane angiographic unit. Cardiac output was then determined in duplicate by injecting 0.625 to 1.25 mg indocyanine green in the PA or LA and withdrawing blood from an indwelling needle in the left femoral artery through a Gilford cuvette-densitometer at a rate of 25 ml/min. This system has a standard deviation in our laboratory of better than 11% between successive determinations. Stroke volume was determined by dividing cardiac output by the heart rate at the time of the inscription of the curve. All monitoring and recording was done with an Electronics for Medicine DR-8 photographic recorder.
THERMODILUTION
A polyvinyl-coated thermistor probe (VeCO no. GPP10-125-30-A1),* diameter 0.025 inch, and with a time constant of < 0.15 sec in water, was passed through the aortic catheter and placed usually 2.5 cm distal to the aortic valve. Resistance changes of the bead were detected by the use of a standard Wheatstone bridge circuit with a high gain d-c amplifier.t Immediately after inscription of the second dye-dilution curve, approximately 3 ml of saline at room temperature, 22 to 25°C, was injected into the LV in 1 to 2 cardiac cycles by hand or by a mechanical injector.i: End diastolic volume was calculated by a modification of the method of Holt. 0 EDV = SV 1-K (1) where SV = stroke volume (determined by dye dilution), K = T n /T n _ 1 , T n , T n _ 1 = difference in blood temperature from the base line at beats n and n -1. End systolic volume was calculated: ESV =EDV -SV. SV/EDV = ( 1 -K ) = fraction of blood present at end diastole which is ejected. To conform with published methods, 12 the heights of the plateau above the base line during diastole were measured beginning with the fourth beat after the peak. No measurements were made if extrasystoles occurred or when the height was less than 5 mm above the base line. Enough injections were performed so that the mean K calculated was never more than 10% from the true mean K as estimated by using the graph of Rolett etal. 12 Additional K values were obtained in 12 dogs by injecting contrast material at room temperature and recording the washout curve while taking angiocardiograms (see below). In these dogs it was felt that only early beats were valid, because this was the period during which angiocardiograms were measured. Accordingly K from the second, third, and fourth beats were measured. These cases are treated separately.
•Victory Engineering Company, Springfield, New Jersey.
tKintel. $Cordis Corporation, Miami, Florida.
CircMUsio* Ruttrcb, Vol. XIX, August 1966

ANGIOGRAPHIC AND WASHOUT LV VOLUMES
297
ANGIOCARDIOGRAPHY METHOD
Biplane angiocardiography was performed within five minutes of the saline washouts in all cases. One to 1.5 ml/kg of 70 to 90* sodium and methylglucamine diatrizoate* was injected into the PA (one case only) or LV by hand or by mechanical injector over a 2-to 4-second period. The amount injected averaged 1.9 ml/beat/10 kg. Films, 12 to 18 in number, were exposed at rates of 4 to 6/sec in two planes. The ECG, time of each X-ray exposure, and usually the femoral artery pressure were recorded, as was the injection signal from the mechanical injector. X-rays taken at end diastole and end systole were selected. Since the ventricle usually remained suitably opaque for more than one cycle during and after injection, two or more suitable pairs of films were often available, having been taken at end systole and end diastole. Volumes were calculated by the method of Dodge and Sandier. 5 This assumes the ventricle to be an ellipsoid and Vol = 4/3. "-.- §-. ^2-. £ p L = longer of the two measured long axes, D^ and D lot = transverse diameters, calculated by planimetry of the projected area (A) of the opacified LV and applying the formula: D, A, and L are the corresponding transverse diameter, area, and long diameter. Each dimension was corrected for X-ray magnification as described by Dodge. 5 Each calculated volume (CV) obtained was corrected for trabeculation and papillary muscle by a regression equation: V = 0.930 CV-1.0 ml The equation was derived from a study 9 comparing six different methods of X-ray calculations with the actual volume of 21 casts of dog hearts. The best of the six methods used was method 1 which had a standard error of 2.5 ml.
Volumes were measured only if 1) X-rays were clearly exposed at good EDV and ESV points, 2) there were two normal beats (normal R-R intervals as well as QRS complexes) preceding the measured X-rays, 3) clear LV chamber borders were visible in both planes, and 4) mitral insufficiency was not present. If more than one pair of films meeting the above criteria were recorded, the later ones were chosen. On six occasions it was not possible to measure the end systolic volume because of uncertain borders, but end diastolic volumes were considered adequate. No cases were rejected for any reason other than those given. All volumes were recorded in ml/10 kg body wt. Table 1 shows the results in the 31 cases satisfying the criteria for validity listed above. Indicator-washout values entered are those derived from the saline washouts done sometime in the five-minute period preceding angiocardiography. Animals with a thoracotomy are included since the chief purpose of this study is to compare different methods of calculating LV volumes rather than to establish norms for each method. Table 2 lists the absolute differences and per cent differences between the values obtained by the two methods. EDV, SV, ESV, and SV/EDV are all significantly different but heart rate (HR) is not.
Results
The end diastolic volumes are also shown in figure 1 . In all but one instance a greater EDV is seen with indicator-washout (EDV lnd ) than with angiography (EDV, Dg ). Mean EDV d n ±SEM (standard error of the mean) is 34.4 ±3.6 ml/10 kg while mean EDV an(! is 21.1 ± 1.5. Using paired differences (table 2) this is a significant difference with P < 0.001.
Stroke volume ( fig. 2 ) shows considerably less difference between the methods, although the difference is statistically significant with P < 0.01 (table 2) . The regression equation is SV ong = SV lud + 1.7 ± 3.5* ml/10 kg.
Mean SV ttne is 10.9 ± 1.0 ml/10 kg while mean SV ln a is 9.1 ± 0.8. An interesting point to note is that the mean amount of contrast material injected was 1.9 ml/beat/10 kg, very close to the 1.7 ml by which the mean of the paired values of SV ang exceeds SV lnd . The standard deviation of the paired differences is very high, however (table 2) , and in eight instances SV ln() is greater or equal to SV aog .
End systolic volumes ( fig. 3 ) are higher in every case as measured by indicator-washout. Mean ESV lnd is 25.2 ±3.2 ml/10 kg and ESV ong 11.3 ±1.3, a significant difference at the P < 0.001 level. ESV lnd is calculated by EDV lnd -SV lnd . Since EDV lnd is larger and *Renovist (Squibb) or Hypaque (Winthrop).
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•Standard error of estimate. SV ln(l smaller than the corresponding angiographic values the greater difFerence between end systolic volumes would be expected.
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SV/EDV ratio (the ejected fraction) is markedly higher for the angiographic method ( fig. 4 ). Mean SV/EDV ong is 0.53 ± 0.03 while mean SV/EDV lnd is 0.27 ±0.02. P<0.01 and in no instances does the washout show as high a figure.
Attempts to obtain simultaneous washout and angiographic values by using contrast material at room temperature are shown in figure 5 . Only SV/EDV was actually obtained simultaneously since the SV lnc j prior to angiography was used. Since the contrast material was injected over 6 to 8 cycles (as opposed to 1 to 2 with saline) the washout curve showed several plateaus on the ascending por- 
End diastolic volumes compared, "r" is Pearson's correlation coefficient, S vm is the standard error of estimate. Open circles represent values measured sequentially, closed circles, the ones derived by measuring the washout fraction from the descending slope of the contrast material washout (see text). EDV is larger by indicator-washout in all but one
pleteness, though as noted above, SV ang is only slightly greater than SVi nd and the eight paired values in this grouping were not significantly different. Figure 6 presents a comparison of the average washout values derived (from the same injection) by measuring beats two and three, along with those obtained by measuring the fourth, fifth, and later beats (if 5 mm or more above the base line). Table 5 compares these two groups as well as a third consisting of the average of the values for beats four and five alone. The values for the groups do not differ significantly from each other either in their mean values or in their paired comparisons. If mixing in the left ventricle progressively increases after the injection, as inferred by others 7 -12 from LV mixing experiments, 14 then one would expect a systematic difference between these groups with a greater standard deviation in the K value from the early beats.
The relationship of heart rate to the ejected fraction as measured by the two methods figure 1 . Regression line is parallel to the line of identity and 1.7 ml/10 kg above it. The correlation was excellent (P < 0.001) although S yx is very large, snowing the large individual variations.
Stroke volumes by angiocardiography (EDV -ESV) vs. stroke volume determined by the dye dilution technique; r and S ys as in
" "
ESV ml/IO kg Angio
FIGURE 3
End systolic volumes by angiocardiography and by indicator-washout. Remainder of legend as in figure  1 . All washout values are higher than corresponding angiographic ones.
is seen in figure 7 . SV/EDV 5ng tends to decline slightly with increasing heart rates (r = -0.306, 0.2 > P > 0.1) and this was highly significant for SV/EDV lnd ( r = -0 . 5 1 2 , P <0.01), as noted by others. 15 Table 6 shows average SV/EDV figures for cases with heart rates up to 120 beats/min and for those greater than 120. Mean SV/EDV iml is 0.31 ±0.03 SV/EDV,
FIGURE 4
Comparison of SV/EDV by angiocardiography and by washout. Remainder of legend as in figure 1 . All washout ratios are lower than corresponding angiographic ones, including those determined simultaneously.
SV/EDV by Saline Washout Valuat (I-K)
Mon • 273 t 029 (ttontord trier)
FIGURE 5
SV/EDV (1 -K) as determined by saline washout compared with values obtained by monitoring washout contrast material at room temperature during angiocardiography, r and S y J as in figure 1 . lndividual values are scattered but there is little difference between the means. been expected if mixing were to become significantly less complete at greater heart rates.
Discuition
The results confirm the work of othe r s a. 7, i4,16-20 w j j O n a v e u s e ( j similar methods separately in dogs (table 7) . Our results also indicate that a consistently higher ejected fraction is measured by the angiocardiographic method. In man also, SV/EDV, ng .80 .90
Washout Fractions Determined from Various Beats Following Saline Injection
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K (1 -SV/EDV) calculated using average of second and third beats after injection plotted against average K from the fourth and later beats. Remainder of legend as in figure 1 . Correlation is excellent (P < 0.001), and standard error of estimate (0.03) is low. If mixing improves with each beat after injection, a greater scatter would be expected.
( SEM ) for the slower heart rates and 0.24 ± 0.03 for the faster ones. SV/EDV ang figures were 0.56 ±0.05 and 0.50 ±0.04. The high and low heart rate groups are not significantly different from each other in either group. The heart rate had no effect on the discrepancy between any of the angiographic measurements and the corresponding indicator-washout measurements. This might have 
34
.759 .082 .014 38
.758 .078 .013 *K for each injection taken as the average of the beats listed.
K: C n /C D _j (see text). N: number of injections from which the paired comparisons could be made. Thus in the first pairing there were 44 injections in which beats 2, 3, 4, and 5 could be measured. Some of the early beats were off the top of the paper and some of the later ones were less than 5 mm.
See Relation between heart rate (abscissa) and SV/EDV measured by angiocardiography (top) and washout technique (bottom). Correlation coefficient (r) was highly significant for the washout technique, though not for the angiographic. These are only random observations, however, since no attempt was made to vary the heart rate independent of other variables.
end systolic volumes as calculated by the indicator-washout method technique are also considerably greater in our study in dogs and the same disparity has been noted in human beings.
VALIDITY OF THE ANGIOCARDIOGRAPHY METHOD Previous Vcriflcotion and Technical Problems of Measurement
Left ventricular volumes have been measured in dogs 9 ' 2B and human beings' 5 ' 8 by distending postmortem hearts with known amounts of radiopaque material and making radiographic estimations of the volume. The standard error of estimate varied from 2.5 ml in dogs to 8.2 ml in man for the best meth- od. These X-rays were taken while the hearts were not in motion. It seems likely, however, that at times near end diastole and end systole, when ventricular volume is changing relatively slowly (if at all), results obtained in vivo should be reasonably close to those obtained in vitro. Furthermore, failure to obtain an X-ray at the precise termination of either portion of the cycle results either in an increase in the calculated ESV, ng or a decrease in the EDV ong , and thus a decrease in SV/EDV ang . Thus errors of timing would tend to bring SV/EDV ang to a lower value.
Delineation of the LV borders is often a considerable problem, more so with increasing body weight and as the contrast material becomes more dilute in larger chamber volumes, valvular regurgitation, or proximal injections. These pose difficulties in adult man but are not considered significant in the present study in dogs.
Effect of Injecting Contrast Material
A formidable objection to volume measurements by angiocardiography, particularly with respect to the SV/EDV ratio, is that ventricular ejection characteristics are affected by introduction of the contrast material. Extrasystoles are often produced; myocardial contractility may be affected by the toxic material; and the injection volume itself alters hemodynamics. In the present study, however, we rejected all angiocardiograms unless at least two normal beats preceded the measured films. It also seems unlikely that the contrast material per se had decreased myocardial contractility by the time the X-ray films to be measured had been exposed: 1) R-R intervals remained constant; 2) characteristically an immediate increase in stroke volume is noted on injection of autologous blood 8031 or contrast material; 81 3) the SV/EDV BU g ratio would be expected to be low with decreased contractility.
The most important effect might be that of the injected volume itself which should lead to an increase in SV, EDV, and SV/EDV. 81 An analysis of SV, however, shows that mean SV ang (table 2) is only 10S or 1.7 ml/10 kg greater than the conventionally measured SVi nd , while EDV ang is actually considerably smaller (70$). If the SV/EDV. ng ratio is too large, therefore, it must be chiefly because EDV ang (the denominator) is too small. This would be a paradoxical response to an acute volume load. Furthermore, the rate of injection of contrast material was virtually identical to that of the saline (1.9 vs. 1.5 to 2.0 ml/beat/10 kg).
VALIDITY OF INDICATOR-WASHOUT VOLUMES Prrvloui Verification
Of the two variables, SV and SV/EDV, needed for volume calculations by the washout technique, SV/EDV )nd is the one requiring comment since SV| nd as measured by dye dilution technique is a standard, reproducible method giving good agreement with other techniques. Direct evidence for the validity of the washout SV/EDV has been derived chiefly from artificial models, 10 ' 20 with one exception. Rolett et al. 12 used a balloon to distend three dog left ventricles in the postmortem state to the LV end diastolic pressure at which volumes had been estimated shortly before death. Changes of compliance in the postmortem state would seriously reduce the accuracy of this validation, however. Indirect evidence for SV/EDV validity (and consequently EDV and ESV) has been largely statistical in nature. An extensive analysis of washout curves has been done showing excellent reproducibility from beat to beat and injection to injection. 12
Assumption*, Mixing Problems
Assumptions for calculating SV/EDV by the Holt 6 method are essentially 1) that EDV and ESV remain stable, 2) that there be no re-entry of indicator into the ventricle during measurement, and 3) that the average ratios of die concentrations of successive beats as recorded in the aorta (C n /C n -i) represent the average ratios of the concentrations of all the blood in the ventricle at successive end diastoles. Assumptions 1) and 2) were true in this study, and 3) is believed to be die difficulty.
It has been said that complete mixing in the ventricle need not occur for the ratios to Circulate* Research, Vol. XIX, Amgut 1966 be correct. 82 Unless mixing does occur, however, the aortic sensor may not sample the ratios of all the blood in the ventricle but only that portion which is ejected. Thus, if blood were to enter the LV through the mitral valve and be ejected completely before mixing (with the relatively sequestered apical or intertrabecular areas), the aortic sensor would be sampling the concentration changes of a smaller volume. Concentration changes from beat to beat as recorded in the aorta (or over the body of the ventricle as in precordial sampling 26 ) would therefore be a function of how much of the indicator in the sequestered volume was picked up by the faster moving volume.
The left ventricle of the dog or human would be an ideal model for such an occurrence, because the inlet at the mitral valve is situated immediately below the outlet, with the body of the ventricle being more remote. Swan 18 noted in 16% of his washout curves that the lowest concentration of indicator occurred in the early portion of systole, indicating a high admixture of undiluted left atrial blood.
The results of Irisawa et al., ls who sampled two sites in the LV simultaneously after injection, are often quoted 12 ' 27>28 to support LV mixing. In their injections 88% are said to have attained mixing by the fourth beat. Inspection of their methods reveals that the definition of complete mixing was based on the difference between the absolute concentrations at the two sensors; by this definition mixing would inevitably improve with time after injection. If the bolus of indicator cannot mix in less than one cycle after injection, it seems evident that each new bolus of left atrial blood will not be able to attain mixing. Our table 5 and figure 6 show no difference between early and late SV/EDV ratios and extend the reproducibility of the washout curve to the second and third beats after completion of injection. Thus reproducibility does not imply validity of the SV/EDV ratio but simply similarity between the events of successive cardiac cycles.
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Myocardlal H«ot Transfer
Another problem, unique for the thermal method, is myocardial heat transfer. Heat transferred to the myocardium during injection would be returned to the vascular stream during the inscription of the downslope, and would lead to an underestimation of SV/EDV. This factor has been estimated to produce an error of less than 5% 12 but absolute verification of this is lacking.
